Heat transfer and fluid flow in a single-rib mounting channel were investigated by directly solving Navier-Stokes and energy equations. The flow and thermal fields were considered to be fully developed at the inlet of the channel, and the simulation was made for spatial advancement of turbulent heat transfer. The Reynolds number based on the friction velocity at the inlet and the channel half width was 150. The Prandtl number was 0.71. The budgets for turbulent heat fluxes and temperature variance at various sections were presented and were investigated, which would be useful for testing and developing turbulence models. Near a circular vortex in front of the rib, pressure diffusion terms made an important contribution. Remarkable production terms were generated near a reattachment point. Production and dissipation terms were not dominant in front of and above the rib, and a time scale ratio exceeded 2.0 in the region.
Introduction
Wall roughness or protrusions are convenient tools to destabilize wall-bounded flows. This type of device can be utilized for fluid control and augmentation of heat transfer in turbo-machinery, power generators, combustors and chemical reactors. Enhancement of internal cooling in gas-turbine blades is one of applications.
Flows over the rough walls accompany separation and reattachment. It is difficult to predict separating and reattaching turbulent flows correctly by a Reynolds averaged Navier-Stokes (RANS) model. Even in the flow past a backward-facing step, the standard k-ε model underpredicted the reattachment length by 10-20% (1)- (3) . Although various modified models have been presented (1) - (3) , they have not resulted in a universal model.
Since the RANS based on the transport equations of Reynolds stress and turbulent heat flux, the budget data obtained by a direct numerical simulation (DNS) is useful for developing models (3) - (5) . Le et al. (6) performed DNS of turbulent flow over a backward-facing step and evaluated the turbulent-kinetic-energy and Reynolds-shear-stress budgets at various sections of downstream of the step. Nagano et al. (7) directly computed heat transfer in turbulent channel flows with transverse-rib roughness. They presented the budget for turbulent kinetic energy, and the production and turbulent-diffusion terms of the temperature variance only at the middle of the enclosure. Makino et al. (8) , (9) carried out DNS of turbulent heat transfer in a channel flow with periodic two-dimensional slits, and showed the budgets for the Reynolds stresses and the production terms of the turbulent heat fluxes. In a previous paper (10) , we performed DNS of turbulent heat transfer in a single-rib mounting channel and indicated that the rib improved momentum-and heat-transfer performance. In addition, the budgets for Reynolds stresses around the rib were presented in detail. In spite of the previous efforts, budgets for the turbulent heat fluxes and temperature variance are not shown in detail. The objective of this investigation is to present the budget data for the turbulent heat fluxes and temperature variance in the flow over an obstacle. These budgets are computed from the previous DNS. We examine mechanism of the turbulent heat transfer using the budgets. In addition, a peculiar time scale ratio is observed near the obstacle. Figure 1 shows the computational domain and the coordinate system. A fully developed turbulent flow with thermal variation is assumed to enter a straight channel obstructed by one transverse rib protruded from the wall. The rib height is 0.2δ with high thermo-hydraulic performance (10) . The inlet values for the ribbed channel are generated by the driver part, where a constant pressure gradient drives the fluid flow. Periodic boundary condition is employed in streamwise and spanwise directions of the driver part, and in the spanwise direction of the main part. In both of the driver and main parts, no-slip condition is used on channel walls. Temperature of the lower walls and rib surfaces are kept at (T-T r )/∆T w = 0, and that of the upper walls are fixed at (T-T r )/∆T w = 1. At the exit of the main part, the convection out-flow conditions (6) , (11) are applied for flow and temperature fields.
Nomenclature

Numerical Method
The continuity, Navier-Stokes and energy equations for the incompressible fluid;
are used as the governing equations. As implied by Eq. (2), gravity effects are neglected. Time advancement of Eqs. (1) and (2) is made by the fractional step method (12) . In time splitting of Eqs. (2) and (3), the second-order Crank-Nicolson method is applied for the wall-normal second derivatives, and the second-order Adams-Bashforth method is used for other terms. The forth-order central difference (13) , (14) is utilized as spatial difference for convection and diffusion terms of Eqs. (2) and (3). In the driver part, the Poisson equation for the pressure is solved by the fast Fourier transformation (FFT) in the streamwise and spanwise directions and by the tri-diagonal matrix algorithm of compact difference for wall-normal derivatives. In the ribbed channel, the Poisson equation is computed by the FFT in the spanwise direction and by the successive over-relaxation on each plane perpendicular to the spanwise axis. The Reynolds number based on the frictional velocity and the channel half width, Re τ0 , is set at 150 in the driver part. Air flow is assumed through the simulations, and the Prandtl number is fixed at 0.71. The grid data and the time increment are listed in Table 1 . The previous paper (10) indicated that this grid had sufficient resolution and domain. In addition, the mean wall pressure distribution was very close to an experimental data. Figure 2 shows the local Nusselt number:
Results and Discussion
Local Nusselt Number
The value of the smooth is calculated from the driver part. Heat transfer is remarkably enhanced on the bottom wall in front of and behind the rib, and leading corner of the rib. Figure 3 shows mean streamlines together with colored gradation of the mean-velocity magnitude. The Nusselt number peak in front of the rib corresponds to the circular vortex. The flow impinges near the front upper corner of the rib, the maximum Nusselt number point. Another local maximum Nusselt number point behind the obstacle at x/δ = 1.68 agrees closely with the reattachment point (x/δ = 1.65), which is similar to backward-facing step flows (15) .
Turbulence Statistics of Flow
Turbulence statistics of each section indicated in Fig. 3 by arrows; upstream (x/δ = -1), the front circular vortex (x/δ = -0.12 and -0.02), the middle of the rib (x/δ = 0.1), the rear circular vortex (x/δ = 0.9), near reattachment point (x/δ = 1.7), and redeveloping region (x/δ = 4); is shown below.
The turbulent kinetic energy profiles are shown in Fig. 4 . Turbulent kinetic energy in front of the rib is higher than that of the smooth channel. This is due to the turbulence production by flow deceleration (10) . Above the rib, burble shear layer forms with intense turbulence. Turbulent kinetic energy is still stronger in the rear circular vortex (x/δ = 0.9) and near the reattachment point (x/δ = 1.7) because the separated shear layer continues to generate turbulence (10) . 
by the splatting effect with intense redistribution (10) . Figure 6 shows Reynolds shear stress distributions. The distributions are similar to the turbulent kinetic energy profiles (Fig. 4) : the Reynolds shear stress in front of the rib is higher than that of the smooth channel and is lower than that at x/δ = 0.9 and 1.7. However, ' v ' u has positive sign in front of the rib (x/δ = -0.02, y/δ ≦ 0.07) and above the rib (x/δ = 0.1, 0.21 < y/δ < 0.27). The positive is caused by loss of the production term (10) .
Turbulence Statistics of Temperature
Examination is given to the thermal field as treated in the previous section. Figure 7 shows the mean temperature. Overall, the values are lower than those in the smooth channel. However, temperatures are higher near the wall of x/δ = 1.7, 4 which have high Nusselt numbers widely.
The streamwise turbulent heat fluxes are presented in Fig. 8(a) . The high streamwise turbulent heat flux in front of the leading corner of the rib contributes to the increase of Nusselt numbers (Fig. 2(b) ). Accordingly, heat transfer activates by the turbulent flow. The wall-normal turbulent heat flux is shown in Fig. 8(b) . The wall-normal turbulent heat flux at x/δ = -1 decreases slightly than that of the driver. This is consistent with the decrease of the Nusselt number ( Fig. 2(a) ).
' ' v θ takes positive sign at the upstream side of the front circular vortex (x/δ = -0.12) and has large negative quantity at the downstream side (x/δ = -0.02). These wall-normal turbulent heat fluxes accompany the sharp peak of the Nusselt number ( Fig. 2(a) ). Near the reattachment point (x/δ = 1.7), ' ' v θ has high value widely. Turbulent heat flux distributions correspond with the Nusselt numbers, and turbulence is thus suggested to enhance heat transfer.
Distributions of temperature variance are displayed in Fig. 9 . Temperature fluctuations are large above the rib height (y/δ = 0.2) of x/δ = -0.12, -0.02, 0.1. In addition, temperature variance near the wall of x/δ = 1.7 and 4 is larger than that of the smooth.
Structures of Instantaneous Field
An instantaneous field is shown in Fig. 10 to observe turbulent structures. Figure  10 (a) shows vortices visualized by iso-surfaces of the second-invariant of the velocity-gradient tensor. In the upstream side of the rib, longitudinal vortex structures (16) in a wall turbulent flow can be observed. Corresponding to turbulent kinetic energy (Fig.  4) , more intense vortices are formed from the rib than those in upstream of the rib. Fine scale vortices are observed in downstream of the rib. Figure 10 (b) shows a snapshot of contours of wall heat flux. The fluxes in upstream of the rib change between high and low values in the spanwise direction, corresponding to the flow streak structure (17) . In downstream of the obstacle, distribution shows hotspots with fine structure.
Time Scales
The turbulent velocity time scale (τ u = k/ε), the turbulent thermal time scale (τ θ = '
' θ θ /ε θ ), and their ratio (R = τ θ /τ u ) are often used for modeling the eddy diffusivity of heat (3) , (18) . Their distributions are shown in Fig. 11 . Both velocity and temperature time scales are smaller than those of the smooth channel. These are consistent with the fine structures of the snapshots shown in the previous section. Béguier et al. (19) deduced that a time scale ratio was nearly uniform with a value close to 0.5 in thin shear layers. However, the time scale ratios in front of the rib and above the rib exceed 2.0. 
Budgets of Turbulent Heat Fluxes and Temperature Variance
Budgets of Reynolds stresses, turbulent heat fluxes, and temperature variance are useful for testing and developing turbulence models (3)- (5) . Since the Reynolds stress budgets are shown in previous paper (10) , turbulent-heat-flux and temperature-variance budgets are shown below. As the turbulent thermal field is homogeneous in the spanwise direction, the transport equation for the streamwise turbulent heat flux leads to:
Diffusion,
Pressure temperature-gradient correlation, x
Pressure temperature-gradient correlation, y
Dissipation,
These budgets for the driver part are shown in Fig. 12 . Note that the negative side is gain in ' ' v θ budgets. The ' ' u θ budget (Fig. 12(a) ) is similar to the ' ' θ θ budget (Fig.  12(c) ): production and dissipation mostly balance. This similarity arises from the high correlation between u' and θ' (5) . In the ' ' v θ budget (Fig. 12(b) ), the production and the ' θ θ budgets, the production and the destruction (pressure temperature-gradient correlation and dissipation) terms are essential excluding the near-wall region, and the transport mechanisms are near local equilibrium. Figure 13 presents the budgets at x/δ = -1. The residuals are observed in Figs. 13(b) and (c). The residuals are thought to appear due to insufficiency of data sampling. However, the budgets of these figures are judged to be acceptable since the residuals are not so large as to obstruct observing the trends of each term.
Although the budgets at x/δ = -1 resemble those of the driver part, the production term of each budget increases. The production terms are decomposed in Fig. 14 . The subscript numbers represent the order in Eqs. (7), (12) and (17) . In the smooth channel, further dominant terms are (10) .
The budgets at upstream side of the front circular vortex (x/δ = -0.12) are shown in Fig.  15 . They differ from those of the smooth channel ( budgets. Intensification of pressure diffusion terms was also observed in the Reynolds stress budgets. These intensifications are suggested to occur due to great pressure fluctuation in front of the rib (10) . Figure 16 shows the budgets at downstream side of the front circular vortex (x/δ = -0.02). The production term of ' ' u θ is negative at 0.2 < y/δ < 0.3. This mainly caused by the first term on the right-hand side of Eq. (7) ' ' u θ is the maximum there ( Fig. 8(a) ). This is considered to be based on pressure diffusion (Fig. 16(a) ). The production term of ' ' v θ is also loss at 0.1 ≦ y/δ < 0.2, and ' ' v θ < 0 is maintained there by the pressure diffusion term (Fig. 16(b) ).
In Fig. 17, the budgets at (12), and the flow contraction makes x / v ∂ ∂ < 0 above the rib. This phenomenon is also observed in the flow through slits (9) . Figure 18 shows the budgets at the rear primary circular vortex (x/δ = 0.9). Their productions correspond with the distributions of the turbulent heat fluxes (Fig. 8 ) and temperature variance (Fig. 9) u θ budget, the pressure temperature-gradient term is larger than the dissipation term except for near-wall region.
In front of and above the rib where the time scale ratio is considerably higher than 0.5 as previously mentioned, diffusion terms cannot be ignored and the ' ' θ θ budget is far from local equilibrium (see Figs. 15(c), 16(c) and 17(c) ). On the other hand, in the wake where the time scale ratio is not far from 0.5, the production and the dissipation terms are generally dominant and the budgets are in near local equilibrium (see Figs. 18(c), 19 (c) and 20(c)). A time scale ratio is thought to depend on how the heat transport occurs in the turbulence. 
Conclusions
Direct numerical simulation was performed for an air flow and the related heat transfer in a channel with a single rib attached to the channel wall. The budgets for the turbulent heat fluxes and temperature variance at various sections were presented. Conclusions thus extracted are as follows.
The turbulent-heat-flux and temperature-variance budgets at the upstream of the rib (x/δ = -1) resembled the Reynolds stress budgets: the production terms increased from the smooth channel through x / ∂ ∂θ < 0, x / u ∂ ∂ < 0 and x / v ∂ ∂ > 0. Near the circular vortex in front of the rib, the pressure diffusion terms made a notable contribution in the turbulent heat flux budgets and covered loss of the production terms. Near the reattachment point, remarkable productions were generated in the thermal field by high temperature-gradient, which was different from the flow field. A time scale ratio equated to 0.5 was often used in a turbulence model; however, the time scale ratios in front of and above the rib exceeded 2.0. In the temperature variance budget at this region, the production and the dissipation terms were not dominant. The local non-equilibrium was thought to trigger the abnormal time scale ratio.
